Although amphoterically Si doped GaAs LEDs are commercially popular because of their high light output, they are extremely sensitive to irradiation.
Introduction
Radiation-induced degradation of the light output from light emitting diodes (LEDs) is usually attributed to a reduction in the minority carrier lifetime. The defects introduced by irradiation act as efficient non-radiative recombination centers resulting in an increase in the total recombination rate and, hence, a decrease in the minority carrier lifetime. This effect is described quantitatively by the equation, 1 -l + K0, sec1 (1) T T 0 where T0 and T are the pre-and post-irradiation lifetimes, respectively, K is the damage constant, and b is the radiation fluence. A slight modification of eqn.
(1),
T 0 shows that T K is an "inverse" figure of merit for LEDs; that is, the larger T K, the more sensitive the lifetime and, hence, the light output is to a given fluence. Consequently, it has been common practice (1),' (2) Electroluminescence spectra were not measured in this study.
In order to simulate somewhat more practical operating conditions as one might find in an optical isolator, constant current measurements of total light output were made at 10 mA and 50 mA using a Si pin photodiode. This detector was also used for the radiative decay time measurements which were made following the application of a 25 mA current pulse from an HP 214A pulse generator.
The LED's were neutron irradiated in the Sandia Annular Core Pulsed Reactor (ACPR) at room temperature. The neutron fluence § for neutron energies greater than 10 keV was measured by sulphur dosimetry using a boron-shielded plutonium-to-sulphur ratio of 15 for the ACPR.
Experimental Results
The results of radiative decay time measurements are shown in Fig. 1 were made for the detection of very short decay times. As a result, the fall time of the measuring circuit was about 10-15 nsec. Note that for the devices containing 7 x 1018 Zn/cm3 and 2 x 10 9 Zn/cm3, the radiative decay times prior to neutron irradiation are quite short and of the order of the measuring circuit response time. In contrast, the more lightly doped set was characterized by tD values in the range 250 nsec to 320 nsec. Nuetron fluences less than 101 n/cm were sufficient for reducing the decay times in these devices. Similarly, the GaAs:Si LEDs possessed decay times of several hundred nsecs which is typical of these devices. (7) As expected, t for the GaAs:Si D LEDs was also quite sensitive to neutron irradiation.
Typical results of total light output as a function of LED current and neutron fluence are shown in Figs. 2 and 3 for the most lightly and most heavily doped LED sets, respectively. The data are plotted as the ratio of light intensity, L, to LED current, I. This ratio is proportional to the external quantum efficiency. Note that the efficiency increases with increasing current. This result agrees with the light intensity-voltage, L-V, and the current-voltage, I-V, characteristics which show that the light output, L, is due to diffusion and recombination in the neutral region, and that as I decreases, there is an increasingly larger, non-radiative, space charge recombination (SCR) component in the total current, I. Consequently, at small values of I, the electron injection efficiency into the neutral region is low but increases with current as the diffusion component of I becomes dominant. This, in turn, will cause an increase in external efficiency or L/I. A comparison of Figs. 2 and 3 reveals that the average pre-irradiation efficiency of the heavily doped LEDs is much greater than that for the 2 x 1018 Zn/cm3 LEDs at all current levels. In addition, the neutron induced degradation is much less at all currents for the heavily doped devices. The net result is that the 2 x 1019 Zn/cm3 LEDs have an average efficiency greater by more than a factor of 100 at l14 2 10 mA after an irradiation of 9.2 x 10 n/cm . The greater pre-irradiation efficiency but smaller radiation sensitivity is precisely the combination of properties we wish to achieve by the hardening technique outlined above. Therefore, the experimental results presented thus far support the feasibility of. maximizing the figure of merit, F, through increased p-region doping.
Light output measurements using the more practical setup which employs a Si pin detector also support the hardening technique as shown by the results in Fig. 4 . Here, the average photocurrent for each set of devices is plotted versus neutron fluence for a constant LED current of I = 50 mA. The pre-irradiation values at the left of Fig. 4 show once again that the output of the most heavily doped LEDs is greater than that of other GaAs:Zn devices. In addition, this output is less than but comparable to the output of the very efficient amphoterically Si doped GaAs LEDs.
The results in Fig. 4F clearly Fig. 4 is the average light output for the set of GaAs:Zn LEDs with 2 x 1018 Zn/cm3 and a factor of 10 less n-region doping (3 x 1017 Te/cm3). These devices behave very similarly to the other set with the same Zn concentration. This comparison indicates that the Zn concentration in the p-region is the primary factor in determining the radiation sensitivity relative to variations in n-region doping level. This result further implies that variations in the ratio of electron to hole current in the LED are of secondary importance for radiation hardness in these particular devices.
The average light output as measured by the pin photodiode is displayed in a somewhat different fashion in Fig. 5 . Both the constant current and constant voltage values of L prior to and following § = 4.8 x 1013 are shown as a function of Zn doping level along with the GaAs:Si data. Here again, we see that although the pre-irradiation L for the GaAs:Si LEDs is somewhat greater, the post-irradiation output is nearly a factor of 100 less than that for 2 x 10 9 Zn/cm3 LEDs for both constant I and V. Figure 5 also illustrates the strong dependence of average post-irradiation light output on the p-region doping concentration.
Analysis and Discussion
As stated earlier, the purpose of increasing the p-region doping level is to increase the radiative recombination rate thereby reducing TOR) and hence T0 and T0K, and increasing the pre-irradiation light out (6) where C is a constant containing several factors. For analysis at constant current, the I-V characteristic must be known so that V can be written in terms of I. The I-V measurements indicate that at practical operating currents (I > 10 mA), the current is dominated by the diffusion component. Therefore, using the (9) accepted expression for a diffusion current'' we have L = CI 3/2 I, arbitrary units. (7) Using eqn. (2) , one can then write 3 _ 1 = T KO (8) where Lo is the pre-irradiation light intensity. If one were to assume that the SCR current was dominant, then the exponent for (Lo/L) would be equal to .
Using light intensity values at I = 10 mA, the value of the left side of eqn. (8) As emphasized earlier, a reduction in ToKn. while desirable, is not a sufficient criterion for selecting an LED unless this reduction is accompanied by efficient pre-irradiation light output. In other words, one cannot expect an improved figure of merit, F, merely because T oKn is small. Our data indicate, however, that we have achieved an increase in preirradiation light output simultaneously with the decrease in T oKn. This is reflected in a strong increase in F with increasing NZn as shown in Fig. 8 .
In this figure, F has been calculated in two ways. The solid symbols along with the scale at the left are based on our light output measurements. For these data, note that in spite of the somewhat greater preirradiation light output of the GaAs:Si devices, there is a dramatic improvement in F for heavily Zn doped GaAs LEDs. 
which increases the flux density. In our case, the devices did not have lenses and the measurements were made with a small area detector. The curve for absolute values of F indicates that the figure of merit is still largest for the most heavily doped GaAs:Zn LEDs in spite of the fact that no attempt was made to maximize the light output of these devices throilgh lenses or shaping of the emitter. The GaAs:Zn LEDs are planar devices and in such a case total internal reflection and self-absorption losses can be severe. This is a particularly relevant problem when comparisons are made with GaAs:Si LEDs because the improvement in external efficiency for these devices is primarily a result of reduced self-absorp- (10) tion.
This comes about because of the somewhat longer peak emitting wavelength of the GaAs:Si LEDs relative to typical GaAs:Zn LEDs. At the longer wavelength, the absorption coefficient of GaAs is significantly less than at the GaAs:Zn peak wavelength. Shaping of the LED into a dome shape significantly reduces total internal reflection and, thereby, increases output. (1) EUTRON FLUENCE, n/cm' Figure 6 . Analysis of the constant current (10 mA) neutron-induced light output degradation using eqn. (7) which assumes a total diffusion current. All the straight lines drawn through the data have slopes a 1. 
